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Abstract
In top squark (stop) searches with a compressed spectrum, it is very helpful to consider the
stop production recoiling against a hard jet from the initial state radiation to obtain a significant
amount of missing transverse energy. In particular, the kinematic variable RM which measures
the ratio of the lightest neutralino mass and the stop mass proved to be crucial in separating the
signals from the backgrounds in both the all-hadronic decay and the semileptonic decay of the
stops. Here we generalize the search method to the dileptonic stop decays. In this case, due to the
two missing neutrinos, there are not enough kinematic constraint equations to solve for the RM
variable exactly, but only render an allowed interval consistent with the event. However, we show
that the minimum and the maximum values of this allowed interval still provide useful variables in
discriminating signals from the backgrounds. Although in the traditional stop decay to a top quark
and the lightest neutralino, the dileptonic mode is not as competitive due to its small branching
ratio, it becomes the main search mode if the stops decay through the charginos and sleptons with
a compressed spectrum. We show that with the new variables, the dileptonic search of the stop
can cover regions of the parameter space which have not been constrained before.
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1
ar
X
iv
:1
70
6.
02
80
5v
4 
 [h
ep
-p
h]
  1
9 M
ar 
20
19
I. INTRODUCTION
Since the discovery of a 125 GeV Higgs boson in 2012 [1, 2], the Large Hadron Collider
(LHC) has not discovered any other new elementary particle or observed major deviations
from the Standard Model (SM). It leaves the naturalness problem of the SM still a mys-
tery, as the large quadratic contribution to the Higgs mass-squared parameter from the top
quark loop would destabilize the electroweak (EW) scale if it is not canceled. A major
theoretical endeavor to address the naturalness problem is to extend the SM by supersym-
metry (SUSY), so that the Higgs mass is protected by this additional symmetry from the
quadratic divergence. Under SUSY, every SM fermion (boson) has its bosonic (fermionic)
partner. The superpartners must receive large enough masses from SUSY breaking effects so
that they have escaped the experimental detection so far. Among them, the superpartners
of the top quark (top squarks or stops) are most relevant for the naturalness problem due to
the large top loop contribution to the Higgs. They should not be far above the weak scale
in order to cut off the quadratic top loop contibution. Another benefit of SUSY is that it
provides natural candidates for dark matter in the universe if the R-parity is conserved. The
lightest supersymmetric particle (LSP) is stable and can be a weakly interacting massive
particle (WIMP) dark matter if it is not charged under U(1)EM or SU(3)C , e.g., the lightest
neutralino which is a linear combination of the superpartners of the EW gauge bosons and
the Higgs boson. At colliders, superparticles are pair-produced and decay down to the LSPs
which escape the detectors, leaving missing energy signals as one of the signatures of SUSY.
There have been extensive searches for the stops at the LHC in various channels. With
the new Run 2 results, CMS and ATLAS [3–9] have pushed the lower limit of the stop
mass to ∼ 1 TeV, assuming that the stop decays to the LSP χ˜01 and the top, and that
mχ˜01 . 200 GeV. The limit becomes weaker for a smaller mass difference between the stop
and the χ˜01, or if the stop decays differently in the case that the LSP is the sneutrino [10].
For the difficult cases of very compressed spectra, mt˜ . mt + mχ˜01 , various search channels
and kinematic variables have been proposed [11–23] and new techniques have been adopted
in recent experimental searches [3–6, 8, 9].
The search in the compressed region has been challenging because its signature is hard
to distinguish from the SM tt¯ production at the LHC. For mt˜1 = mt + mχ˜01 which is called
the top corridor, the LSP and top are almost static in the rest frame of the stop decay.
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Therefore, in the lab frame, the top and the LSP would be collinear and that
pχ˜01
pt˜1
≈ mχ˜01
mt˜1
. (1)
In the stop pair production, the two LSPs tend to travel back to back, resulting in a cancel-
lation of their transverse momenta, thus leaving little trace for χ˜01s. A way to separate the
signals from the backgrounds is to consider the stop pair production together with a hard
jet from the initial state radiation (ISR) [18–23]. From the conservation of momentum,
pT (JISR) ≈ −
2∑
i=1
pT t˜1,i (2)
both LSPs tend to be emitted antiparallel to the ISR jet, resulting in a significant amount of
missing transverse momentum (/pT ). By studying the fully hadronic decays of such events,
it was pointed out that the ratio between /pT and pT (JISR), defined as RM , can be a useful
kinematic variable to differentiate between the stop and top decays [20, 21]. Since the
missing momentum in stop decays is mainly due to the presence of LSPs, together with
equations (1) and (2), the stop pair production tends to have
RM ≡ /
p
T
pT (JISR)
≈ mχ˜01
mt˜1
, (3)
which is expected between zero and one. On the other hand, the /pT for the hadronic decays of
tt¯ is due to the detector smearing effect, so RM is expected close to zero for the background.
Using this variable, with the help of the recursive jigsaw method [23] to separate the ISR
from the stop system, ATLAS has excluded the stop mass between 235–590 GeV along the
top corridor (mt˜1 ≈ mt +mχ˜01) with 36.1 fb−1 of integrated luminosity [5].
For the semileptonic and dileptonic decays of the stops, RM becomes less informative if the
neutrinos’ contribution to /pT cannot be easily separated from that of neutralinos. In general
for the same pT (JISR), the signal events are still expected to have larger missing transverse
energies (MET) than those of the backgrounds. This can be used to constrain the compressed
stop, though the current bounds are somewhat weaker than the all-hadronic channel [3, 4, 8].
In a previous paper [22] we showed that for stop semileptonic decays, the neutrino momentum
can be solved (up to a two-fold ambiguity) by exploiting the kinematic features of the
compressed stop spectrum in the top corridor. Therefore the neutrino momentum can be
subtracted from /pT and a modified version of RM can be defined:
R¯M ≡
/pT (χ)
pT (JISR)
≈ /p
‖
T
− p‖Tν
pT (JISR)
≈ mχ˜01
mt˜1
, (4)
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where p
‖
Tν is the neutrino’s contribution to the missing momentum along the ISR direction.
The R¯M variable can be similarly used in the stop search along the top corridor for signal
events with one lepton.
The dileptonic decays of the stops have been considered as a useful way for stop searches
since early times [24–26]. However, in the top corridor the situation is tougher. The branch-
ing fraction is small if the stops decay through the tops. Furthermore, there are more
unknowns than the number of kinematic constraints available from the decay chain, hence
the two neutrinos’ contribution to /pT cannot be solved exactly and be completely removed
from the total /pT . One would think that the final states with bb¯`
+`− + /pT may not be a
competitive channel for the compressed stop search. However, with a more complicated
spectrum, there could be other decay chains of stops which end up with the same dileptonic
final states and they can be even dominant in certain cases. For example, this can occur
if there are also charginos and sleptons in the spectrum between the stop and the lightest
neutralino as shown in Fig. 1. The all hadronic and semileptonic searches may become
ineffective if the dileptonic decays become dominant. Therefore, it is still worthwhile to
consider the dileptonic search channel for the compressed stop. Another potential merit of
the dileptonic channel is that the only significant background to the bb¯`+`−+ /pT final states
is the tt¯ dileptonic decays, so one only needs to focus on suppressing this background. In
contrast, the all hadronic and the semileptonic signals also suffer from tt¯ decays with an
extra lepton which is not identified, and they are often the major backgrounds in the RM
variable.
Despite the fact that the two neutrinos’ momenta can not be solved exactly for the
dileptonic events from the tt¯ or the stop pair in the top corridor with ISR, the kinematic
constraints still strongly limit the ranges of their possible values, which translate to an
allowed range of R¯M values for each 2`2b+/pT+jet(s) final state event. For the tt¯ background,
R¯M is expected to be close to zero and contain the point zero. For the stop events, due to
the additional χ˜01’s contribution to /pT , it is expected to shift to larger values. Even for stop
events decaying through sleptons as in Fig. 1, which do not have the correct kinematics for
the kinematic constraint equations of tt¯, one can still obtain the corresponding R¯M ranges
anyway, and there is no reason that they should be close to zero as the tt¯ background. As
a result, the allowed R¯M range, characterized by its minimum and maximum values R¯min,
R¯max, may be used to distinguish the signals from the backgrounds of the 2`2b+ /pT+jet(s)
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FIG. 1 Possible stop/chargino decay chains for the stop-chargino-slepton scenario. Both stops decays to
b+ χ˜±. There are two possible chargino decays through sleptons. The top leg shows the chargino
decaying to a charged slepton and an SM neutrino, then the slepton further decays to a SM
charged lepton and the LSP. The decay of the chargino in the bottom leg gives a SM charged
lepton and a sneutrino, the latter then decays invisibly to a neutrino and the LSP. For a Wino-like
chargino and a nearly degenerate slepton-sneutrino pair, the branching ratios of these decay are
approximately equal.
final state, irrespective of the stop decay topologies.
The goal of this work is to study the usefulness of the R¯M variables in the dileptonic decay
channels of the compressed stop search and their search reaches. The rest of the paper is
organized as follows. In section II, we review R¯M for the semileptonic decays and generalize
the concept to dileptonic decays. Even though a unique R¯M cannot be obtained in the
dileptonic case because of insufficient kinematic constraints, the minimum and maximum
allowed R¯M values from the constraints can still provide useful variables to distinguish signals
and backgrounds. In section III, we perform analyses using the R¯min, R¯max variables on the
chosen benchmarks, for both the stop-slepton decay and the tradition stop dileptonic decay
scenarios. Section IV contains our conclusions. A detailed description on how we calculate
R¯min, R¯max, and a comparison of significances in search analyses with and without using the
R¯min, R¯max variables are collected in appendices.
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II. KINEMATICS AND VARIABLES
Since the assumptions and tools we employ to analyze the dileptonic stop decays share
many similarities to the semileptonic stop decays, we begin by reviewing the concept of R¯M
in semileptonic signals following Section 2 of Ref. [22]. For the stop pair production with
a hard ISR jet in the top corridor, /pT due to the neutralinos is approximately antiparallel
to the pT of the ISR, because the center of momentum frame of the two neutralinos are
the same as the center of momentum frame of the two stops from Eq. (1). As a result, the
component of /pT perpendicular to the ISR can be attributed to the presence of the neutrino.
Once the JISR is identified, p
⊥
Tν is uniquely determined from the experimental measurements.
Combining it with the three mass-shell conditions
p2ν = 0,
(p` + pν)
2 = m2W ,
(p` + pν + pb)
2 = m2t ,
(5)
and the measured momenta of the lepton and the b-jet (assuming that the b-jet from the
corresponding top decay can be identified), we can solve for the neutrino momentum pν (up
to a two-fold ambiguity due to the quadratic mass-shell equations). After obtaining pν , we
can subtract its contribution from /p‖T and get the relation Eq.(4):
R¯M ≡
/pT (χ˜)
pT (JISR)
≈ /p
‖
T
− p‖Tν
pT (JISR)
≈ mχ˜
mt˜
.
For the type of dileptonic stop decays depicted in Fig. 2, which will be referred to as the
traditional stop decay from now on, there are 6 mass-shell equations from both top decay
chains in an event:
p2ν = p
2
ν¯ = 0,
(p`+ + pν)
2 = (p`− + pν¯)
2 = m2W ,
(p`+ + pν + pb¯)
2 = (p`− + pν¯ + pb)
2 = m2t .
(6)
There are two more equations from the transverse momentum conservation, from the com-
ponents perpendicular and parallel to the pT of the ISR.
/p
⊥
T
=
2∑
i=1
p⊥Tνi, /p
‖
T
=
2∑
i=1
p
‖
Tν,i + /pT (χ˜), (7)
6
FIG. 2 The transverse plane topology for the traditional dileptonic stop decay.
where we assumed /p⊥T (χ˜) ≈ 0 which is valid in the top corridor.
For such an event we have 8 equations but 9 variables, namely the four-momenta for the
two neutrinos and the transverse momentum due to the neutralinos, /pT (χ˜). Note that only
the total transverse momentum of the two neutralinos appears in the kinematic equations but
not the individual transverse momentum of each neutralino. Although we cannot reconstruct
all particle momenta for this signal topology, we may ask the question: what is the range
of /pT (χ˜) that is compatible with all the kinematic constraints from the 8 equations? This
allows us to obtain an upper and a lower bounds for the value of R¯M , which is now adjusted
to take into account of the dileptonic nature of the signal:
R¯M ≡
/pT (χ˜)
pT (JISR)
≈ /p
‖
T
−∑i p‖Tν,i
pT (JISR)
, i = 1, 2. (8)
Because we do not obtain a single value for R¯M but just an allowed range, we include a sign
in the definition of R¯M such that it is positive if the (solved) /pT (χ˜) is antiparallel to pT (JISR)
and negative if they are parallel. Effectively, one can include a factor
− sgn
(
~/pT (χ˜) · ~pT (JISR)
)
(9)
in the R¯M definition. This is in accordance with the convention that the true R¯M value is
positive for the stop events.
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For the tt¯ background where there are no neutralinos, the events should solvable by
setting /pT (χ˜) = 0 in the above equations, assuming that there is no experimental smearing
effect. Therefore, the allowed range for R¯M should contain the point zero, and the upper
and lower bounds of R¯M are expected to converge to zero in the highly boosted (large
ISR) regime. Similarly, for the compressed stop events which follow the traditional tχ˜01
decays, the allowed range is expected to be around its true R¯M =
mχ˜
mt˜
value and converges
to it in the highly boosted case. Of course, in reality, experimental smearing effects always
cause some uncertainties or errors in determining the allowed R¯M values. As long as the
errors introduced by the experimental measurements are small compared to the difference
between the theoretical R¯M value and zero, we expect that the experimentally determined
R¯M variables are useful in distinguishing the traditional stop decay signals from the main
background. On the other hand, for the dileptonic stop decays through sleptons as depicted
in Fig. 1, which we will refer to as the stop-slepton decay, there is no unique true value
for R¯M because the kinematic equations do not apply to this topology. However, If we
still define R¯M for each event to be the ratio between the antiparallel component of pT
of the two neutralinos and the pT of the ISR, we should get a distribution away from 0
for the stop events. In Fig. 3, we show such a distribution from an example spectrum at
the parton level. One can see that indeed it has a relatively narrow distribution around
mχ˜/mt˜. Of course, this R¯M value is not directly measurable experimentally and only R¯min,
R¯max can be calculated from the experimental observables as its approximations or possible
range. Nevertheless, we expect R¯min, R¯max to have different distributions for the signals and
backgrounds, so they may also be used to suppress the background in this case.
In calculating R¯min and R¯max for an event with the 2`2b + /pT+jet(s) final state, there
are some practical issues. First, there are two possible combinations of pairing the b-jet and
the lepton on the same decay chain. In addition, because the kinematic equations combine
into a quartic equation, there could be two disjoint allowed regions for R¯M in the solution,
although it does not happen very often. There is no canonical way to deal with the multiple
solutions. In Appendix A, we describe the procedure of solving the kinematic equations and
how we define R¯min and R¯max for our benchmark studies in more details. Different strategies
of choosing R¯min and R¯max due to these ambiguities do not have significant effects on the
final results.
The SM background events where leptons arise from W decays, such as tt¯ or tW , tend
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FIG. 3 The normalized distribution of R¯M = /p
‖
T (χ˜)/pT (JISR) for the stop-slepton signal with a hard ISR
(red) at the parton level for a given spectrum. It is narrowly peaked near the value mχ˜/mt˜. On the
other hand, for SM tt¯ background, there is no /pT (χ˜) so it is located at 0 (cyan).
to have small azimuthal angle separation between the /pT and the light leptons. This can
be explored to further suppress the SM dileptonic backgrounds. For single leptonic final
states, removing such backgrounds can be done with the transverse mass MT , which has a
sharp drop-off around mW for the SM backgrounds. For the dileptonic events, there are two
leptons in the final states. A variable called leverage inspired by the transverse mass was
defined in Ref. [27] to further reduce the SM backgrounds:
L` =
[
/pT
∑
i
(1− cos ∆φ`i,/pT )
]
/N`, (10)
where N` is the number of isolated leptons. By definition, if a lepton has a low azimuthal
angle separation ∆φ`i,/pT ∼ 0 from the /pT direction, its contribution to L` is small. As
the stop signal events tend to have larger MET and larger lepton-/pT azimuthal separations
due to the χ˜01’s in the final states, a minimum cut on L` can effectively suppress the SM
backgrounds and enhance the signal significance.
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III. COMPRESSED STOP IN DILEPTONIC SEARCHES
In this section, we perform some more detailed collider studies for both the stop-slepton
decay case and the traditional stop decay case with compressed spectra. We use MadGraph
5 [28] and Pythia 6 [29] to generate both the background and the signal events. MLM
matching scheme [30] is applied for both the tt¯ background and the SUSY signal production
in order to prevent double-counting between the matrix elements and the parton shower.
The detector simulation is performed by Delphes 3 [31]. For the signals, the production
cross section is normalized to 13 TeV NLO+NLL results [32]. The b-tagging efficiency is
taken to be a universal 70% with an overall light-flavor mis-tag rate of 1.5%.
We expect that the SM tt¯(+ jets) production to be the dominant bb¯`+`−+/pT background.
The NLO cross section given by MadGraph5 aMC@NLO [33] is 70.9 pb. Compared to the
LO result this corresponds to a K-factor about 1.5. This is also consistent with the dedicated
NLO calculations of the tt¯+ jets cross sections [34, 35]. Therefore, we multiply the number
of events generated at LO by a K-factor of 1.5 to match to the NLO calculation after the
preliminary selections described below. Besides tt¯, the backgrounds from tW and tt¯+W/Z
production were simulated with LO cross section 2.68 pb and 0.94 pb, since their impacts
on the total background are small. All backgrounds were generated with the corresponding
integrated luminosities greater than 300 fb−1. Other SM backgrounds, such as diboson
production or Z+jets, have small cross sections or low signal efficiencies. Consequently we
ignore these background processes for the rest of our discussion.
For our benchmark studies, all the events must satisfy the preliminary selections as
described below. All the events are required to have two b-tagged jets with pT > 25 GeV,
two light leptons with pT > 20 GeV.
1 Since our analysis relies on a hard ISR jet, we require
that the hardest non-b-tagged jet has pT > 150 GeV. To take into account the cases where
there are more than one ISR jets, we define pT ISR to be the vector sum of the three leading
non-b-tagged jets. We also require that MET> 150 GeV, since the signal is expected to have
a substantial amount of missing transverse momentum. Furthermore, to reduce Z → `` and
τ related backgrounds, we veto all events with a τ -tagged jet or opposite-sign same-flavor
lepton pairs with M`` ∈ [mZ − 10,mZ + 10].
1 For smaller mass splittings, one may lower the pT cut to increase the signal efficiency. However, there will
also be more backgrounds and eventually one runs out of the sensitivity for very compressed spectra.
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A. Stop-Chargino-Slepton Scenario
For the stop → chargino → slepton type of decay, we take a simplified model approach.
Assuming that mχ˜±1 and mχ˜
0
2
are degenerate, so are m˜` and mν˜ . The simplified model
is therefore characterized by four masses: mt˜, mχ˜±1 , m˜` and mχ˜
0
1
. To suppress the direct
t˜→ tχ˜01 decay, the mt˜−mχ˜01 gap is chosen to be smaller than mt. We assume that all stops
decay through the chargino and the (first two generation) sleptons with a 50% branching
ratio through either the charged sleptons or the sneutrinos. Since we are interested in the
“compressed” spectrum, mt˜−mχ˜±1 and mχ˜±1 −mχ˜01 are chosen to be small, so that the searches
based on the MT2 type of variables [7] are ineffective. This allows us to explore the usefulness
of the R¯M type of variables. In this subsection we show detailed analyses on two signal
benchmarks: BMP1= (mt˜ = 550 GeV, mχ˜±1 = 520 GeV, m˜` = 500 GeV, mχ˜
0
1
= 480 GeV)
and BMP2= (mt˜ = 670 GeV, mχ˜±1 = 640 GeV, m˜` = 600 GeV, mχ˜
0
1
= 560 GeV). An
expected search reach for mt˜ −mχ˜±1 = 30 GeV in the mχ˜±1 –mχ˜01 plane is presented later.
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FIG. 4 The normalized one-dimensional distributions of R¯max and R¯min for the stop signal events and SM
tt¯ background events for the BMP1 spectrum.
The (normalized) distributions of R¯max and R¯min for the stop signal events and SM tt¯
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FIG. 5 Two-dimensional distributions of the signal (red points) vs. tt¯ background (blue points) for the
benchmark point BMP1 (mt˜/mχ˜±1
/m˜`/mχ˜01 = 550/520/500/480 GeV). Both the signal and the
background are weighted to 300 fb−1.
background events for BMP1 are shown in Fig. 4. For this benchmark. R¯max tends to be
larger for the signal than the background, while it is less clear for R¯min. However, these
variables can be correlated so it is useful to examine the two-dimensional distributions to
further enhance the discriminating power. In Fig. 5, we plot a series of two-dimensional
distributions for the benchmark BMP1 signals and the tt¯ background after the preliminary
12
selections. It can be clearly seen that the signal events tend to have a larger MET, especially
for a larger pT ISR. We also notice that in the R¯max vs. R¯min plane, signals have a different
feature of the distribution compared to the backgrounds.2 As discussed in Sec. II, the SM
tt¯ events are expected to have R¯M close to 0. This can be recognized in the |R¯max|+ |R¯min|
distribution, as shown in the bottom panel of Fig. 5. The |R¯max| + |R¯min| distribution for
the tt¯ background is smaller than that of the signal, especially when MET increases.
To obtain a better search reach, one can divide the events into many signal regions based
on these kinematic variables and perform a multi-variate analysis. However, to get a good
intuition on how the kinematic variables discriminate the signal and the backgrounds, we
perform a simpler cut-and-count analysis to select a few signal regions in this theoretical
study. First, we require pT ISR > 200 GeV and MET> 225 GeV. Also, since the benchmark
spectra focused in this study are compressed, we impose a cut on the leading lepton pT <
100 GeV for all events. Then we apply cuts on the pre-selected events and divide them into
the following three exclusive signal regions (SR) based on their MET:
• for events with MET> 550 GeV, |R¯max|+ |R¯min| > 1 is required (SRH);
• for events with MET ∈ (325, 500) GeV, |R¯max|+ |R¯min| > 4.6− MET150 GeV and Leverage
L` > 80 GeV are required (SRM);
• for events with MET ∈ (225, 325) GeV,|R¯max|+|R¯min| > 2.5, R¯max > 1 and R¯min < −1,
MET
pT ISR
> 0.75, Leverage L` > 80 GeV are required (SRL).
The selection criteria for the signal regions are motivated by that event distributions shown
in Fig. 5. For large MET, the |R¯max| + |R¯min| values of the background events stay small
and hence we impose a looser cut on |R¯max| + |R¯min|. On the other hand, for small MET,
more stringent cuts on |R¯max|+ |R¯min| and/or other variables are needed to effectively reduce
the background. Consequently, SRM and SRL are supplemented with a cut L` > 80 GeV
besides the |R¯max| + |R¯min| requirements. The optimal selection criteria in principle can
depend on the benchmark point. However, to have a more general analysis without relying
2 One may notice that a small fraction of events (especially for backgrounds) has both R¯max and R¯min
negative. This could due to a number of effects, like smearing, wrong combinations, and inaccurate
identification of the ISR system. If the measured missing pT antiparallel to the ISR is smaller than
the true value (or the reconstructed ISR momentum is bigger than the true value), one may require the
“neutralino momentum” to be in the same direction as the ISR to solve the constraint equations, resulting
in negative values of R¯M . 13
on small details, we use the same 3 signal regions for all points that we studied and we found
that they can improve the signal significances effectively.
The cut flow and the number of events passing the cuts for two benchmark points and the
SM backgrounds, normalized to an integrated luminosity of 300 fb−1 are shown in Table I.
As expected, the SM tt¯ is the dominant background for all signal regions.
Initial Pre-selection pT ISR > 200 pT`1 6 100 MET> 225 SRL SRM SRH
BMP1 8.9×104 167 144 144 115 24.5 27.5 10.7
BMP2 2.6×104 145 121 116 96.2 4.8 19.6 11.5
SM tt¯j 2.1× 107 2.12 ×105 1.68 ×105 1.18 ×105 3.77 ×103 126 129 20.5
SM tWj 8.1 ×105 627 459 293 124 1.7 2.6 0.9
SM tt¯V 2.8 ×105 166 121 78 32 0.7 0.7 1.4
SM total 2.2× 107 1.47×105 1.17×105 8.21×104 2.76×103 129 132 22.8
TABLE I The cut flow for the stop-slepton scenario, assuming an integrated luminosity of 300 fb−1. The
preliminary cuts are described in the beginning of Sec. III. The benchmark BMP1 has the
spectrum mt˜/mχ˜±1
/m˜`/mχ˜01 = 550/520/500/480 GeV, while the corresponding spectrum for
BMP2 is 670/640/600/560 GeV. The last three columns are the low, medium, high MET signal
regions as defined in the text.
To calculate the signal significances for the benchmark models, we use the likelihood
method with the assumption that the overall number of background events in each signal
region respects the normal distribution with a fractional uncertainty σB ∝ B. The likelihood
is defined to be
Q =
∫ L(S +B, S +B′)P (B′)dB′∫ L(S +B,B′)P (B′)dB′ , (11)
where S and B are corresponding numbers of signal and background events, L(x, µ) = µxe−µ
x!
,
and P (B) is the normalized normal distribution with the mean B and a standard deviation
σB. The final significance from this method is simply given by
√
2 log(Q). For the case with
no systematic error, σB = 0, this equation simply reduces to the standard formula [36]:
σ =
√
2
[
(S +B) log
(
S +B
B
)
− S
]
. (12)
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Assuming the statistical fluctuations are independent in different SR’s, the overall signif-
icance is obtained by combining those of the 3 SR’s in quadrature. For BMP1, we get
a significance of 2.8σ (3.8σ) for 300 fb−1 with (without) a 10% background uncertainty.
For BMP2, we get a 2.3σ (2.8σ) significance. As shown in the cut flows for BMP2, the
contribution from the higher MET bins (SRH, SRM) become more important for larger
signal masses. Since the number of background events significantly decreases in SRH, the
background uncertainty affects the significance far less for BMP2 compared to BMP1.
One could ask how much the new R¯M variables really help the stop search in this case,
given that the signal and background distributions already look different in the standard
variables such as /pT and pT ISR. In Appendix B we compare the analyses with and without
the R¯M variables by dividing the variable space into the same number of signal regions and
show that the inclusion of R¯M variables does substantially improve the signal significance.
To explore the search reach of the stop-slepton decay case, we repeat the analysis for a
range of different spectra. To simplify the study, we follow the assumptions as adopted in the
benchmark study. We take mχ˜±1 and mχ˜
0
1
as the free parameters and fix mt˜−mχ˜±1 =30 GeV,
and m˜` = (mχ˜±1 + mχ˜
0
1
)/2. The mt˜ − mχ˜±1 =30 GeV is a moderate choice where we still
have a good b-jet tagging efficiency. For smaller mass differences the b-jets become too soft
and signal efficiency deteriorates significantly. A comparison of overall signal efficiencies for
several mass differences is listed in Table II.
mt˜ −mχ˜±1 /GeV 15 30 60
Overall efficiency 5.0× 10−5 7.1× 10−4 1.3× 10−3
TABLE II The overall signal efficiencies for mt˜ = 550 GeV with varied mt˜ −mχ˜±1 . We also fix mχ˜±1 −m˜`
and m˜`−mχ˜01 to be 20 GeV. Here the overall signal efficiency includes all 3 SRs.
We then calculate the significances for points in the plane of mχ˜±1 vs. mχ˜
0
1
and obtain
the 2σ exclusion reach for an integrated luminosity of 300 fb−1. The result is shown in
Fig. 6. The most stringent constraint for this kind of spectrum comes from the χ˜±1 − χ˜02
production, which gives 3 lepton or same-sign dilepton final states. The current limit on
the chargino mass can be up to 1150 GeV for a light LSP mass [37, 38]. However, the
mass reach for a compressed spectrum is limited. The current CMS exclusion limit for
m˜` = (mχ˜±1 +mχ˜
0
1
)/2 is also plotted in Fig. 6. For fixed mχ˜±1 and mχ˜
0
1
masses, the bound has
15
mild dependence on m˜`, since the typical lepton momentum depends on the mass splittings
mχ˜±1 − m˜` and m˜`− mχ˜01 . For instance, if mχ˜±1 − m˜`  m˜`− mχ˜01 , the lepton from the
χ˜±1 → ν˜(∗) + `± decay chain would become soft, which leads to lower signal efficiency. On
the other hand, the lepton from the other decay chain, namely ˜`± + χ˜01 + `
±, would have
a larger momentum and hence a higher efficiency. Such a compensation effect between the
two decay chains results in only mild changes in the exclusion limit when varying m˜`. For
instance, in the current LHC chargino/slepton searches [37], the exclusion limit for mχ˜01
with mχ˜±1 = 500 GeV and m˜` = (mχ˜
±
1
+ mχ˜01)/2 is ∼ 370 GeV. The limit changes to
∼ 350 GeV for both m˜` = 0.95mχ˜±1 + 0.05mχ˜01 and m˜` = 0.05mχ˜±1 + 0.95mχ˜01 cases. For our
benchmark parameters, mt˜ = 550 GeV with mχ˜±1 = mχ˜
0
2
=520 GeV and mχ˜01 = 480 GeV,
our analysis shows that the signal significance for mχ˜±1 −m˜` = 5 GeV is ∼ 60% of that of
mχ˜±1 −m˜` = 20 GeV.
One can see that the dileptonic stop search in the stop-slepton decay case can probe the
parameter space which is not excluded by the current experimental limits. One should note
that our search is based on the stop pair production while the exclusion limit on Fig. 6
comes from χ˜±1 − χ˜02 production which is independent of the stop mass. Fig. 6 should not be
viewed as a comparison of the powers of the two different searches, but it demonstrates that
the dilepton stop search discussed in this paper can probe parameter regions that can not be
reached by just the chargino-neutralino searches. With a relatively light stop, the stop pair
production has the advantage of larger production cross section. Although introducing b
jets in our final state would increase background events, the kinematic variables introduced
in this work allow us to better handle the backgrounds. We should also point out that our
projected reach is based on the simple cut-and-count analysis. It might be further improved
with a more sophisticated multivariate analysis.
B. Traditional Stop Decays with a Compressed Spectrum
In this subsection we turn to the compressed stop searches with the traditional tχ˜01 decay
into the bb¯`+`− + /pT final states. The all hadronic and semileptonic channels have obtained
quite strong limits in the compressed region with the help of the hard ISR and the RM
variable [4, 5, 8, 9]. Stop mass up to 590 GeV has been excluded along the top corridor [5].
The dileptonic channel suffers from the small branching ratio. In order not to have too
16
m
Χ
± =
m L
SP
m t
 -
m L
SP
=
m t
mt
 = m Χ±+ 30 GeV
ml
 = Hm Χ±+mLSPL 2
300 400 500 600 700
300
400
500
600
700
m Χ ± @GeV D
m
LS
P
@G
eV
D
95% CL Exclusion, L = 35.9300 fb-1
Stop-Chargino-Slepton Case
Χ1
±
Χ2
0 Limit H35.9 fb-1L
2b+2l LimitH35.9 fb-1L
2b+2l LimitH300 fb-1L
FIG. 6 The (2σ) exclusion search limits from the dileptonic stop-slepton analyses with 36 fb−1 (solid red)
and 300 fb−1 (dashed red) integrated luminosities. The stop masses are chosen to be 30 GeV
heavier than the chargino, and the slepton masses are chosen to be the average of the chargino and
the LSP mass. The orange curve is the CMS 35.9 fb−1 exclusion limit, coming from the same-sign
dilepton or trilepton χ0χ± search results [37].
few signal events, we choose the point mt˜=600 GeV and mχ˜01=427 GeV just beyond the
current limit for our analysis. In contrast to the stop-chargino-slepton scenario, R¯M also
has a physical interpretation for the signals in this case, and R¯M would be close to
m
χ˜01
mt˜
if
the signals are very boosted. Therefore, in addition to the pre-selection criteria as described
in the beginning of this section, we trigger on events with pT ISR > 200 GeV instead of
pT > 150 GeV for a single jet and ∆φjISR,/pT > 2. Fig. 7 shows the MET distribution for
signal and backgrounds after the preselections. Based on this, we require that MET > 350
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FIG. 7 Distributions of MET for signal and background after the preselections as described in the text.
The distributions are normalized to 1.
GeV.
In this case, R¯max and R¯min are expected to be around the true R¯M value which is larger
than 0 for the signal, hence we scan the R¯max and R¯min in the range from 0 to 2. Fig. 8 shows
the two dimensional distribution of R¯max and R¯min for the signal and the background after
the MET cut. Clearly, the background events aggregate near the region where R¯min = 0.
Based on this, we apply the final selection: R¯min > 0.4 and R¯max > 0.7. This gives us a
significance ∼ 1.7σ at 300 fb−1 without taking into account of any background uncertainty.
In Table III we compare the dilepton result (Di) with the semileptonic (Semi) analysis
from Ref. [22] for the chosen benchmark point. In the Semi analysis, the preselections
require at least 4 jets, 1 or 2 b-tagged jets, exactly one light-flavor lepton, MET> 100 GeV,
∆φjISR,/pT > 2 and that the hardest jet (ISR) has pT > 200 GeV. Afterwards the following
cuts were applied: MET> 200 GeV, ∆φ`,/pT > 0.9 and pT ISR > 475 GeV, which is grouped
under “Other cuts” in Table III. The R¯M cuts select R¯M within the range (
m
χ˜01
mt˜
− 0.15, 1).
As one can see from Table III, for the chosen benchmark point, the strength of the
dileptonic channel based on the simple analysis is slightly weaker than but not far from
that of the semileptonic channel. The dileptonic channel has fewer signal events but also
less background. We also repeat the dilepton analyses for different mass points along the
line mt˜ − mχ˜01 = mt. Due to the limited statistics, the R¯max or R¯min does not show a
prominent peak for the signal events. Therefore, they are used more as a tool to identify
the tt¯ background. We define our signal region to consist of MET> 350 GeV, R¯min > 0.4
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FIG. 8 The distributions of the signal and the background events after the preselections and the MET cut,
projected onto the R¯max vs. R¯min plane.
and R¯max > 0.7. The significances of different mt˜ are listed in Table IV.
Since these numbers are for a future integrated luminosity of 300 fb−1, they are not
expected to compete with the projected all-hadronic analysis. It is possible that the signif-
icances can be improved with more sophisticated analyses, although the improvement may
be limited if the signal is statistically limited as in the case of the dileptonic decay. Nev-
ertheless, analyses based on different final states provide complementary probes of various
stop decay channels.
IV. CONCLUSIONS
The stops are the most relevant particles for the naturalness of the SM if SUSY is the
solution to the hierarchy problem. The experimental verification of whether they exist is of
undisputed importance in testing SUSY as a possible new symmetry principle of the universe
and our understanding of the naturalness in quantum field theories. LHC has put strong
bounds on their masses for generic superpartner spectra and decay patterns. However,
there are still search holes in the lower mass region if the SUSY spectrum is compressed. It
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Initial Pre-selections Other cuts R¯Mcuts
t˜1t˜
∗
1j (Di) 5.4×103 69 27 12
SM tt¯j(Di) 2.1×107 1.86×104 573 45
t˜1t˜
∗
1j (Semi) 2.3×104 597 36 24
SM tt¯j (Semi) 1.2×108 5.82×105 327 15
SM tt¯j (Di) 2.1×107 1.24×105 352 103
TABLE III Dileptonic (Di) and the semileptonic (Semi) analysis of the compressed stop pair production,
assuming an integrated luminosity of 300 fb−1. The main background comes from tt¯ pair
production. For both cases, the signal benchmark has mt˜=600 GeV and mχ˜01=427 GeV. The
Pre-selections for Semi and Di analyses are different, since they focus on completely different
final states. The details are described in the text above.
mt˜ (GeV) 400 450 500 550 600 650 700 750
300 fb−1 limit 3.4 (2.9)σ 3.2 (2.7)σ 2.1 (1.8)σ 1.6 (1.4)σ 1.7 (1.5)σ 1.9 (1.6)σ 1.3 (1.1)σ 1.0 (0.9)σ
TABLE IV Significances achieved by the traditional dileptonic stop decays along the line mt˜ −mχ˜01 = mt,
assuming an integrated luminosity of 300 fb−1. The signal region is chosen to be MET> 350
GeV, R¯min > 0.4 and R¯max > 0.7. Numbers in the parentheses include an assumed 10%
systematic uncertainty.
is therefore very important to devise new methods in experimental analyses to cover these
regions where the stop could still be hiding. A main difficulty in identifying the signal events
is the lack of a significant MET in the stop decays if the spectrum is compressed. Recently
it has been shown that this could be overcome by requiring the stop production recoiling
against a hard ISR jet, which results in a large MET in the opposite direction of the ISR
for the stop signal events. The experimental measurement of the RM(R¯M) variable which
corresponds to
m
χ˜01
mt˜1
provides a powerful way to distinguish signals from the backgrounds
for both all-hadronic and semileptonic decay channels. Consequently, significant regions in
previous search gaps of the compressed spectrum have been excluded in the most recent
ATLAS and CMS analyses.
In this paper, we extend the study to the dileptonic decay channel of the stop search.
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With two missing neutrinos, there are not enough kinematic constraints to solve for the
R¯M to get a unique answer for a given event. However, we can find two new variables
R¯min and R¯max which bound the interval of R¯M that is kinematically consistent with that
event. In the limit of large ISR, they tend to converge to the true R¯M value. We found
that these variables provide additional discriminating power, beyond the standard variables
pT ISR and MET, between the signals and backgrounds. For the traditional stop decay to tχ˜
0
1
in the top corridor, the dileptonic search is probably not as competitive as the all-hadronic
or semileptonic channels due to the small decay branching ratios. It is not far behind
though so it can still provide a complementary analysis. On the other hand, the dileptonic
search mode becomes most useful in the scenario where the stops dominantly decay through
the charginos and sleptons with a compressed spectrum. In this case, the 2`2b + /pT can
be the dominant final states, therefore the all-hadronic and semileptonic searches are not
effective. The strong trilepton or same-sign dilepton chargino-neutralino search constraints
also diminish in the compressed region. Even though the signal topology is different from
the one where the kinematic constraint equations for R¯M are derived, we have shown that
the R¯M variables are still useful to suppress the dominant tt¯ background which does have
the topology of the constraint equations. It can cover a significant region of the parameter
space which has not been experimentally explored by other methods before.
The power of the kinematic variables and techniques studied in this paper and previous
works comes from utilizing our maximal knowledge of the kinematic information of the signal
and background events. It is conceivable that similar techniques can be used to extend the
coverage of other compressed region where the constraint is still weak, like the W -corridor
(mt˜−mχ˜01 ≈ mW +mb) in the stop search, or other SUSY searches with compressed spectra.
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Appendix A: Solving for R¯min and R¯max
In this Appendix, we explain how we determine if Eqs. (6), (7) have real solutions and
find the extremum values of R¯M that allow real solutions. We first guess a value for R¯M .
Given a trial R¯M , we can reduce Eqs. (6), (7) down to a quartic equation. To determine
whether it yields real solutions, one can follow the same procedure as in an efficient method
of calculating MT2 [39]. We first compute the Sturm Sequence for the quartic equation and
compare the number of the sign changes at the positive and negative infinities. If the number
of sign changes at two infinities are different, the quartic equation yields real solutions. The
point is that we can determine whether a trial R¯M can solve the equations without actually
solving them.
Since the tt¯ background is more likely to have R¯M close to zero, the region covered
between R¯min and R¯max ideally should contain zero. We choose the range of the search of
R¯M between some negative value and some positive value. In the example of the stop-slepton
decay, the search range of R¯M is chosen to be [−5, 5]. We first find an R¯M value which allow
real solutions using the bi-section method, then look for R¯min (R¯max) from that R¯M value
by decreasing (increasing) the R¯M value with steps of ∆R = 0.1. Because the final states
contain two leptons and two b jets, there are two possible ways of grouping the `, b pairs into
decay products of the two top quarks. The trial point that solves at least one combination
of `b is considered a viable point. We scan the R¯M following the steps until reaching the
point where no solutions can be found for either combination of `b. The last viable point in
this scan is designated as R¯min (R¯max).
In rare cases, there are disjoint intervals of R¯M having real solutions. We choose the R¯min
and R¯max of the interval that contains the point 0 or is closest to 0. Specifically, if the initial
R¯min and the R¯max determined in this way do not cover a region which contains zero, we
start a new search following the same steps as described above, but with a range (−x′, x′),
where x′ is the smaller number between the |R¯min| and |R¯max| found in the last search. The
search continues recursively until we reach the point where either the R¯min and R¯min found
covers the point 0 or the range itself becomes smaller than the precision ∆R.
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Appendix B: Validating the Usefulness of the R¯M Variables
To check the usefulness of R¯M as a new dimension for the dileptonic stop search, we
perform a study on the stop-chargino-slepton scenario and compare the significances of an
analysis mainly using ISR and MET, and an analysis including the R¯M variables. We use
the benchmark BMP1 for the numerical study and focus on the dominant tt¯ background.
Both signal and background events need to satisfy preliminary selection rules as men-
tioned in Sec. III, also the leading lepton pT less than 100 GeV. For the “control” study with-
out R¯M variables, we divide the ISR-MET plane into 24 non-overlapping signal regions with
4 ISR bins (200-300,300-400,400-500,500-) and 6 MET bins (200-250,250-300,300-350,350-
400,400-500,500-), all in units of GeV. For each signal region the significance is calculated
with a 10% independent background systematic uncertainty. Then we compare it with an
analysis which also include the variable |R¯max|+ |R¯min|. The signal regions are divided into
small boxes in the 3-dimensional parameter space. To have a fair comparison of the two
analyses, for the 3-variable case we make a coarser grid in the ISR-MET plane, so that the
total number of signal regions is also 24. Specifically, the ISR variable is divided into 2 bins
(200-400,400-), MET variable is divided into 4 bins (200-250,250-350,350-500,500-) and the
|R¯max|+ |R¯min| variable is divided into 3 bins (0-1,1-2.5,2.5-).
The overall combined significance for the analysis including the |R¯max| + |R¯min| variable
with tt¯ background is ∼ 4.0, while for the “control” study without R¯M variables but a
finer MET/ISR binning, the overall significance is ∼ 3.1. This corresponds to a ∼ 30%
improvement. The qualitative conclusion that the new R¯M variables help to improve the
analysis holds for different choices of signal regions, whereas the extent of improvement
depends on the details of signal region selections.
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